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DESIGNING PASSIVE SOLAR BUILDINGS TO REDUCE TEMPERATURE SWINGS"

Oouglas Balcomb
Los Alamos Scientific Laboratory
Los Alamos, NM 87545

ABSTRACT

Contryl of temperature swings is a major consideration in design of
passive solar heated buildings--especially so as the designer seeks to
&chieve most of the building heat from the sun, Observations of tempera-

ture swings in several passive buildings are cited.

Methods of tempera-

ture control are discussed, both by means ot control intervention such as
using of auxiliary backup heating, ventilation, blowars; and by means of

building design.

The design approach is preferred as the main course with

the irtervertion techniques used for fine tuning.

INTRODUCT ION

It has not been very long since people challenged
the basic feasibility of passive solar heating.
How couid such simple concepts as direct gain,
thermal storage wall, solar greenhouse, tne-mo-
siphon, or roof pond systems really compete with
sophisticated hardware? These questions are not
heard so often any more; the basic viability of
passive solar heating in the U, S. is now be-
coming widely accepted. This has come about
mostly because of the undeniable and demonstra-
ble effectiveness of a growing number of passive
buildings. The basic measure by which these
buildings are judged is the fuel bill and these
have been quite low. v

We are now moving to the next question. This
might be put as fallows: "Surely these buildings
must be uncomfortable. They must bake when there
i a lot of sun and freeze when it gets cold. If
the building ftself is to store heat, then the
temperature swings must be uncomfortably large."
This criticism has a bit more bite to it. In fact,
there are many passive solar buildings for whach
it is quite true.

Other questions arise. Many who are quite know-
ledgable about solar heating will still ask, "What
happens when there is a week of no sun"? They

only need be reminded that an active system falters -

under such conditions also. Each needs auxiliary
backup heat or the temperature may fall to uncom-
fortably low levels.

Many of the first generation of passive advocates
would rather put on sweaters than pay their dues
the utility company. This tough-it-out philosophy
has not benefited the image of passive solar heat-
ing. To adopt such an attitude is short-sighted.
Now, as always, a major function of the built en-
vironment is to provide good thermal comfort ccn-
ditions within. It will be an error to promote
passive solar heating and a change of life style
at the same time,

If backup auxiliary heat can solve the problem of
temperature minitums in the building, can it help
reduce the daily temperature swings? Are these a
real problem, or are they easily alleviated? The
evidence presented in this paper indicates that the
temperature swing problem does exist in some pas-
sive buildings and apparently does not exist in
others, Why is this? Can it be effected by
building design?

Passive solar design is now entering a new phase--
a phase of design sophistication. In reaction to
the overcomplexity of active systems, passive de-
sign has often been portrayed as simply a) a huge
aperture to accept the south sun, b) proper shading
to exclude the summer sun, and c¢) a really massive
building to provide heat storage.

But passive solar design, done correctly, is more
complex, It is a subtle complexity. The thermal
design ftself must be carefully considered as will
be discussed in more detail in this paper. And
the design must consider many factors other than

iibrk performed under the auspices of thc U. S. Department of Enerqgy, R&D Branch for Heating and Cooling,
Assistant Secretary fcr Conservation and Solar Energy Projects,



Just the thermal: considerations of aesthetics,
Vivability, economics, all leading up to the key
criterfa: marketability,

THE EVIDENCE

A small body of data is now emerging on passive
solar heated structures. Temperature swings in
two of David Wright's direct-gain passive solar
homes have been documented. In the original Santa
Fe home, temperature swings were observed to be
approximately 20°F on sunny winter days.! This
house has extensive south glass, a relatively
large overhang, And a massive shell made of adobe
walls insulated on the outside, a brick floor on
sand on dirt insulated underneath, and adobe ban-
cos containing water-filled 55-gallon drums.

Aaother home in Santa Fe, the second house con-
structed by Karen Terry, is a single-story house
of somewhat more complex design. The fixed double
glazing is located not only along the south wall,
but in clerestory windows admitting sunlight into
the back rooms. Again, there is extensive thermal
mass within the thermal envelope of the building

in side walls, interior walls, fireplaces, and the
floor. A more comprghensive set of data have been
taken on this house.¢ The instrumentation con-
sisted of two high-low thermometers reset each day;
the data acquisition system, a pencil and a note-
book with records reliably kept each day. In addi-
tion to the minimum and maximum inside and exterior
temperatures, observations were made of the nature
of the weather on that day (clear, partly cloudy,
rain, snow, windy, etc.). An analysis of this
record for the winter of 1977-78 reveals the infor-
mation below.

These results indicate that clear winter day tem-
perature swings of 16-15°F average, up to 20-22°F
maximum, can bo expected in a buiiding which is
predominantly heated by a direct-gain passive ap-
proach, in a climate such as Santa Fe which has a
high heating load and a great deal of direct sun ir
the winter, The only auxiliary used ir this par-
ticular house is a woodburning fireplace which is
used ordinarily only during periods of reduced sun
and cold weather. Generally there is no auxiliary
used during a sequence of clear cold days.

Interior_Temperatures, °F Sept Oct
Max imum 80 84
Minimum 68 66
Maximum Datly Swing 10 12
Number of Clear Days 13 27
Average Clear-day Swing 7.2 9.4
Qutside Temperatures, °F ’

Max fmum 88 80
Minimum 37 25

Another indication from direct-gain buildings has
been obtained from the Wallasey school in Liver-
pool, England.3 This building has also been oper-
ated without auxiliary heating; however, there is
a major input of energy from the lights and the
students, unlike the situation which exists in a
residence. The character of the sunlight in
Liverpool, England, in the winter is unlike that
found in New Mexico. There are virtually no clear
winter days. The neighboring Nortnh Sea dominates
the weather, creating qray skies and diffuse con-
ditions throughout the winter. Use of a diffusing
glass on the south solar wall further distributes
the sunlight within the building creating a re-
latively uniform 1ighting and heating condition
throughout the space. Typical winter-day tempera-
ture swings in this building were observed to be
7°F, with the maximum being 16°F.

Although no data records are available, it has been
stated that temperature swings in direct-gain
buildings in the mild southern U. S. climate of
Horthern Mississippi are relatively small. In such
a climate little direct gain is needed in order to
heat a building. Since the ratio of thermal storage
to glazed area can be substantially higher, internal
temperature swings can be proportionally lower.

The data reccrd from passive solar buildings which
use thermai storage walls indicates that tempera-
ture swings are less than in direct-gain struc-
tures. In almost all of these cases, thermocircula-
tion vents were employed, as devised by Trombe and
Michel. As has been noted,® these vents tend to
create larger temperature swings in the building
than would occur without the use of the vents,

Data taken on the original Trombe-Mighel house in
O0deillo, France, have been reported.® Unfortun-
ately, the room temperature swings were not given,
Since the building is 70% solar heated, presumably
no auxiliary energy is required during clear win-
ter-day conditions, regardless of outside tempera-
ture. This building is all masonry construction,
except the roof; the floor is concrete slab, the
side and back walls are block, and the Trombe wall
is exceptionally thick (24 in.), Thus, extra day-
time heating created by the thermocirculation vents,
can effectively be stored in the building mass.
Diurnal temperature fluctuat:ions observed on the

Nov Dec Jarn Feb
84 87 87 80
68 63 58 59
14 20 22 15
24 19 19 15
12.0 16.4 15.4 1.0
69 56 50 56
10 3 8 -3



interior Trombe wall surface are almost t{mpercept-
. fbTe (v2-3°F); only the effect of longer term
weather ~hanges zre observed.

Data taken by LASL in the home of Doug Ke'baugh in
Princeton, New Jersey, provides additional evidence.
These data indicate a temperature swing of 15°F
during winter-day conditions. The house is of wood
frame construction with additional mass (other than
the 15-in. Trombe wall) only in the concrete floor
slab of the ground floor. The thermocirculation
vents are relatively large and obviously create
strong heating in the building during a winter day.
Passive back-draft dampers which prevent reverse
thermocirculation at night, show strong air flow.
Temperatures in the upstairs rooms are generally
observed to be warmer than those downstairs; typ-
fcally 8°F at the maximum, occurring during the
late afternoon.

Data have also been taken on the two-story Trombe
wall home of Bruce Hunn in Los Alamos.7 This is
an unvented solid Trombe wall 12 in, thick made of
concrete block with the cores filled with mortar.
It is a hybrid system in that air can be removed
from the space between the glass and the wall and
blown through » rock bed. During periods when the
fan is not in operation, temperature swings in the
room behind the Trombe wall are observed to be 9°F
during sunny wintear days. There is significant
direct gain into the room through windows located
on the side of the Trombe wall., A masonry side
wall in the main room provides added heat storage.

Data have also been taken in mv home in Santa Fe.
This 1s Unit 1 in Fiist Village, designed and built
by Wayne and Susan Nichols.8,%9 It is a two-story
solar greentouse combination with the greenhouse
located on the south side anc the living portion

un the north side of an adob: (earth brick) mass
wall., The wall is 14 in. thick at the lower level
and 10 in. thick at the upper level. The mass wall
functions as a Trombe wall, being heated on the out-
side and diffus ng the heat thiough the wall to the
inside. There is no thermocirculation except as
occurs through doors between the house and the
wyreenhouse during the day. Since the staircase is
in the greenhouse, there is no way air can flow
from the lower level to the upper level directly,
The house is a hybrid design; warm air is hlown
from the greenhouse to heat a rock bed underneath
the floor of the 1iving room area downstaiirs., Dis-
tribution of this heat to the living space is pas-
s:ve, by conduction of heat up through the floor
slab.

Temperature swings in the greenhouse are large, ty-
pically 30 to 40“F during sunny winter days, rang-
ing from the Tow 50's to the high 80's. The swing
would be 10°F larger without the fan. By contrast,
temperature swings in the living space are smail,
typically 4 to 6°F during winter conditions, This
stability is attributed to the leveling effect of
heat delivery from the varjous modes at different
times., The living space is heated by direct and
thermocirculation qains during the day, by diffusion
of heat through the wall during the evening, and by
delayed diffusion of heat up through the floor dur-
iny the night. The rock-bed heating is a small
contribution to the overall heating (not more than
a third of the total) but adds to the comfort of

the room by maintaining warm floors and stabilizing
the tesperature.

Extens{ve data_from test rooms at Los Alamos have
been reported.10 Of cpecial noie are the data from
water walls, Trombe walls, with and without vents,
and direct gain rooms, The temperature swing in-
formation and other data are summarized in the
following table.

Thermal Thermal Insfide Time
Storage Storage Daily of
Mass, Surface Temp. Inside
BTU/°F2 Area/ Swing Temp,
per ft< Glazinz °F Peak
gqlazing Area p.m,
Direct Gain Room 39.0 3.13 38 3:00
16" Trombe Wall, 28.6 .82 26 4:00
{with vents)
16" in, Solid wWall 35,7 1.03 9 10:00
(no vents)
Water Wall 32.3 .66 25 4:00

These results clearly represent extreme conditions,
Normaily, a solar building would not be as strong-
1y heated, in proportion to the total thermal load,
as these rooms., They were intentionally designed
to be strongly solar heated and generally ride from
50 to 70°F above the average outside armhient tem-
perature during sunny midwinter days. Thus, the
buildings are somewhat overheated even in the coid
Los Alamos climate.

Nonetheless, the results are indicative of some
general trends. The temperature stability of the
unvented Trombe wall room is particulariy notable.
The effect of the diffusicn of heat through the so-
1id concrete is to smooth out the temperature var-
jations. The water walls, by contrast, act as a
point heat capacity and do not exhibit this delay
and smoothing effect. The effect of the thermo-
circutation vents in the Trombe wall is to increase
the daily swing, without appreciably increasing the
minimum night time lows. This is partly because
the buildings are of light frame construction (ex-
cept for the mass storage wall) and there is no
capacity to store excess daytime heat in the remain-
ing building mass. Thus, warm air delivered by
thermocirculation to the room increases its tempera-
ture during the day. This increases the heat which
is stored on the back side of the wall because of
the warmer room temperature but also decreases the
outside wall surface temperature by about 20°F due
to the thermocirculation, thus decreasing the heat
absorbed into the wall from the front face.

CONTROL OF TEMPERATURE SWINGS

Control using Auxiliary Backup Heating and
VentiTation

The control of many passive buildings works roughly
as follows: 1) anytimwe the temperature is below a
predetermined level, the auxiliary is turned on;

2) anytime the temperature is above another set
level (presumably somewhat higher), the windows are
opened, or an automatic ventilating fan is turned on.
Temperatures are thus maintained roughly within the



set 1imits, The main problem with this approach {s
that it vents useful energy to the outside at times
rnd thus incresses the amount of auxilfary required
at a later time. Increasing the difference Lotween
the temperature control set points increases the .
solar heating contribution because internal heat
storage is proportional to the temperature swing.

The auxiliary heating system provides temperature
control by supplying the difference between the
building load and the energy supplied by solar
heating and internal sources. This s operative
only while the auxiliary i1s on and thus becomes
less effective as 3 control method as more of the
total heat is suppiied by solar. Control by this
means alone ic insufficient for lightweight build-
ings with more than 30 to 40% solar heating. As
more mass {s added to the building the range of
effectiveness is extended.

Ventilation s recommended as a means of control-
1ing against building overheating only in the
spring and fall when there is net excess e::rgy
avaflable and auxiliary heating is not required
during sequences of sunny days.

Natural control, without rescrt to auxiliary or
ventilation should be built in to the greatest
extent possible. This is described below for the
various classes of passive solar construction,

Divect Gain

This is the most popular passive solar design
approach due to simplicity and perceived low cost.
The main problem is providing sufficient thermal
storage to control temperature swings within ac-
ceptable levels. Tha cost of the glazing is no
more than that of the wall it replaces, but ther-
mal storage is expensive. Other problems are
strong directional daylighting, glare, and ultra-
violet degradation of fabrics.

Intrinsically the building interior must vary in
temperature if its surrounding surfaces are to
store heat. The occupants of many of these build-
ings are so delighted to be warm in the winter
that they do not complain of being too warm occa-
sfonally. The bulk of the American public may not
be so easy to please.

Heat may he stored on the interior building sur-
face in side walls, in the floor, in the ceiling,
or in special thermal storage elements placed
within the builuing interior. Each of these has
{ts own special character.

Although heat storage in the floor is economical,
it is known to be relatively ineffective unless
the floor is of masonry construction, is unin-
sulated on the surf??e. and is located in the dir-
ect (unshaded) sun. This is a severe require-
ment, seldom met., People like to put rugs, fur-
riture, potted plants, teddy bears, and other
things in their living space.

We are now obtaining data on test rooms and on
several direct-gain passive structures, The plot
in Fig. 1 shows the temperature on the floor in a
Santa Fe house which LASL is monitoring.

DIRECT GAIN BRICK FLOOR
172" BENEATH SURFACE

=

FEB 18 1978 FEB 19

Floor temperatures measured in a direct-
gain house along a line extending north
from the windows. The shadow line is about
5' 9%, The measurement at 3" is Yow due
to cold air falling down the window.

fig. 1.

Thermal storage in side walls is also difficult be-
cause they are seldom located in the direct sun.
Thus, extensive and expensive mass must be deployed.
Thermal storage in the roof would be very effective
because of the tendency of heat to gravitate upwards
towards it. This has not been used extensively, how-
ever, and has obvious structural requirements, The
phase-change roof tiles being experimentally de-
veloped at M.I.T. may be an advance in this direc-
tion.12 Another interior mass roof possibility
which could be used is a thin concrete slab poured
ove~ a metal roof deck or earth on a metal deck.

The ).roperty of a wall to store heat through a sur-
face and return that heat back throu?h the same sur-
face is called "thermal admittance."!3:14 Formally,
the thermal admi‘tance is the ratio of neat flux to
temperature swina when each of these functions are
sinusoidal. For purposes of analyzing heat storage
in walle, it is reasonably accurate to assume that
the temperature varies sinusoidally on a daily
basis. The diffusion of heat through most wall
materials is sufficiently siow that one must account
for the fact that material deep within the wall is
relatively ineffective for temperature heat storage
on a daily basis. The surface layers insulate the
layers at depth. Another important consideration is
the relatively large impedance for heat flow from
the room air to the wall surface. This is important
if the sun energy is first transferred from light-
weight surfaces in the room (such as rugs, furniture,
etc.) tn the warm air and then from the room air to
the wall surface.

Work done by Mazria, Wessling, and Bakew.]5 shows
the desirability of distributing the mass over as
large a surface area as possible. They show that
distributing the same mass over nine times the
window area rather than one and one half times the
window area would reduce the temperature swing in
one case from 43°F to 12°F, Their analysis is
based on the assumption that the energy can be dis-
tributed over this extended surface. Although it
is doubtful that this assurption can be realized

in practice, the trend indicated is certainly cor-
rect. If the sunlight can be diffused and scat-
tered to more uniformly illuminate a larger interior



aass surface, this will certainly reduce the tea-
perature swings,

One way of accomplishing this is to use a diffus-
ing 11azing. This was_done in the Wallasey school
in Liverpool, England.3 In this case the inner
vertical glazing was a "figured” glass imported
from Belgium. The glass scattered the sunlight
onto the ceiling, back walls and side walls, which
were all of concrete. As nnted earlier, the tem-
perature swings are reasonably sma'l.

Other possibilities are the use of a translucent
fiberglass-acrylic, which is frequently used for
glazing greenhouses, swimming pool room covers,
etc, The transmissivity of these materials can be
Quite high, yet thay act to diffuse the 1ight.
Glass which has a mottled or ripply surface, such
as that frequentlyv used in bathrooms, can have the
same effect.

As & general principle, materials in the room which
have little heat storage capability should be 1ight
in color. To some extent, it is also desirable to
make mass storage walls dark in color. This is
especially true if they are in the direct sun.
However, extensive use of dari surfaces in interior
spaces will result in a lightless and dim room, and
extra energv will then have to be used to 1light

the room. This is clearly self-dafeating. Thus,
in the Wallasey school, all the interior mass walls
are painted white to more uniformly diffuse the
11ght throughout the room and reduce the need for
artificial i1lumination.

The use of a white paint on interior mass surfaces
1s less serious than one might expect. Much of the
sun energy entering the room is converted to infra-
red, which is subsequently radiated throughout the
room. A1l paint and most materials have a high ab-
sorbance for infrare) radiation (n 90%) even though

they are a diffuse reflector in the visible spectrum,

Thermal Storage Walls

Like a1l indirect passive sclar heating approaches,
the thermal storage wall circumvents two of the
major difficulties with the direct gain approach,
both associated with admitting sun into the living
space: the high ligating levels, and damaje to ma-
terials in the building by the ultraviolet. Plac-
ing windows in the thermal storage wall, as was
first done by Doug Kelbaugh and later by otihers,

1s one effective means of mixing design approaches.
Another major advantage of the thermal storage wall
{s the reduction of temperature swings by inter-
posing a capacity effect between the solar gain
and the 1iving zone. This is especially true if
the thermal storage wail is & solid material, such
as concrete, which provides a dramatic smoothing
of the temperature wave as it diffuses through the
wall. Data given for the LASL test rooms indicate
this effect.

Another advantage of a solid thermal storage vall
is providing a time delay betwern the absorption
of solar energy on the outside of the wall and the
delivery of that energy to the interior of the

; N\ _
tDlSTANCE FROM OQUTSIDE: SURFACE OF 12” WALL 1
80\

building, Characteristically, this time delay is
on the order of six to twelve hours so that the
maximum heating generzlly occurs in the evening at
a time when it 1s most needed in a residential
application. This time delay effect is quite evi-
dent i{n every thermal storage wall which LASL has
monitored. Figure 2 shows data taken at diffevent
points withi?-the thermal storage wall in Bruce
Humn's home.!! Two things should be noted on this
plot: the increase in time delay of peak tempera-
ture,; and the decrease in the peak temperature as
the wave progresses through the wall,

BRUCE HUNN TROMBE WALL

PROFILE AT 15° LEVEL

JAN 3 1978 JAN 4
Temperatures measured in a two-story ther-
mal storage wall. The wall is made of 12"
hollow concrete block with holes filled
with mortar., The wall is double-glazed
and has no vents,

Fig. 2.

The time delay effect allows for flexibility in
thermal design. The building can be heated by di-
rect gain of thermocirculation during the day and
by the wall at night. The following table lists
the characteristics of a solid concrete wall during
sunny days with double qlazing on the outside:

Thickness, Inside Surface Time Delay
Inches Temperature of Peak on
Swing the Inside

8 40°F 6.8 hrs

12 20°F 9.3 hrs

16 10°F 11.9 hrs

20 5°F 14.5 hrs

24 2°F 17.1 hrs

The thickness of solid wall, which gives the maxi-
mum annual energy yield to the ?g11d1nq. is about
12 in., independent of climate. However, such

a wall las rather large temperature swings and
tends to be cold and uncomfortable during long
cloudy perlods 7 Tiws, the desigher is led to
consider tkicker walls which provide more storage
and a morz stable inside surface temperature.



tiater walls have frequently been considered as an
attractive design alternative to concrete. The
basic difficulty is the physical containment of the
water. Metal, plastic, concrete, and fiberglass
containers have all been used. One should be aware
that the time phasing characteristics of the water
wall are rathar different than that of the unvented
Trombe wall. Since the water convects to effect-
ively transport the heat across the heated side to
the room side, there is no effective time dolay in

I
‘Since the temperature swings in Zone | tend
relatively large, typically 30 to 35°F during win-
ter clear-day conditions, it becomes attractive to
renove some of the day time excess heat by blowf
air from the sunspace to a place where 1

stored or used. This has been done by Migel in
his Tesuque solar greenhouse, and by the Nichols'
in First Village, Unit 1. In these two cases the
heated air is blown through the underfloor rock
bed. Subsequent heat distribution to the howe is
passive, by conduction up through the floor slab,

a water wall. The peak temperature occurs just at
sundown,

Thermal stability is achieved through the use of
ver; large storage masses. The main advantage of
the water wall 1s the ability to greatly incresse
the themmal storage capacity of the passive build-
ing without excessive use of space,

Solar Greenhouses and Sun ces

A solar greenhouse is a mixture of the direct gain
«nd thermal storage wall approaches. It is a sub-
set of the more general design approach which
wight be termed a "sun space.” It generally con-
sists of a direct-gain space adjacent to another
space which 1s on the north side of the building.

(These hydrid designs have worked very well, increas-
ing comfort levals. They greatly increase the ther-
mal storage utilfization of the floor slab and are
not too costly since the underflcor space is free
for the digging and th: rocks can support the floor
slab. The principal design considerations are: 1)
,use a sufficient air flow to move the required heat
‘at the low AT's available, 2) use a high flow, low-
pressure squirrel-cage fan to obtain high efficien-
cy and quiet operation, 3) lay out the rock beds
with their inlet and exit plenums in such a way as
to match the rock bed pressure drop to the fan
characteristics, 4) make sure that the air flows
through alt the rocks, and 5) return the air to

the sunspace. Since the rock bed operates at low
temperature, it 1s not necessary to insulate it
cxcept at the edges where heat would be lost to the
outside. The earth under the rock bed adds to its
heat storage effectiveness, Foundations can double
as plenun walls and will themselves store a small
amount of heat 1f the perimeter insulation is
placed outside,

This general design approach is of great interest
because 1t can be used to reduce temperature swings
in a portion of the building and stabilize the
temperatures. The general approach is shown in
Fig. 3. The building can be considered in two
zones. In Zone 1, which is the direct-gain space,
large swings in temperature can be anticipated.
Thermal storage is in the mass wall separating
Zone 1 and Zone 2 and also in the floor of Zone 1.
The principal advantage of the approach is the re-
duced temperature swings in Zone 2. This is a buf-
fered space which 1s protected from the extremes
of Zone | by the time delay in heat capacity ef-
fects of the mass wall, With a 1ittle care in
thermai design, one can arrange to phase the heat-
ing of Zone 2 so as to maintain a nearly constant

tewperature.

T

Hunn uses a similar scheme. In his case the “sun-
space” is only 6 in. thick (the space between the
glazing and the Trombe wall) and the rock bed is
thermally remote. This has not worked well since
the temperatures achieved are low and do not match
well with the temperatures needed for his forced-
air distribution system. He proposes reducing the
(charging mode) air flow rate to increase the
temperature.

Natural thermocirculation of air from the sunspace
to the 1iving space is a normal approach used for
both Trombe walls (a form of skinny sunspace) and
-solar greenhouses. Upper and lower vents are opened

AN AT A MY 2 Y AT AT AT > Ta .

and a strong thermocirculation is set up during the
ZON.E 1 ZON.E 2 day. This should be used up to the point that the
DIRECT GAIN BUFFERED SPACE heat can either be used or stored within the living

SP.ACE . ﬁace. The diurnal heat storage capacity of the
ving space can be estimated using the table given

LARGE SWINGS SMALL s.WINGS earlier. The values used should be those in the

. column marked "indirect, AQ/ATpgom.* The floor
SUN SPACE LIVING 8{'ACE beneath the 1iving space is totally ineffective for
indirect heat storage in this manner and should not

be counted.
] Convective Loops

«>— SOUTH L MASS WALL -Natural convective loops have been discussed above

as used in Trombe walls and greenhouses. This
concept ccn be extended to the case of a large
solar collector area and rock bed storage thermally

Fig. 3. Buffering of temperature swings in the
1iving space by means of a two-2zone

structure, Hot air from Zone 1 can This has been done

al1s0 be blown through a rock bed under
- the floor of Zone 2.

remote from the heated space.
by Baer in the Paul Davis house,1? by Jay Davis in
several houses, and by Mark Jones.



This approach provides the possibility of a high
dagree of conirol since the storage can be thermally
isolated from heated space or connected to it at
will. Th; Paul Davis house uses pessive distribu-
tion with) manually controlled campers. The Mark
Jones hiuse uses a conventional (c:tive) forced-
afr distribution system with the rock bed lower
rlenus connected to the return afr plenum and the
furnace fan inlet connected to the rock bed upper
plenum. Both seemingly work quite well,

Isolated Storage

A variety of design options provide a high degree of
thermal isolation hetween thermal storage and the
conditioned space. The convective loops referenced
above are examples and many others exist. The

“solar battery” by Kalwall 1s one. A water wal?

mde of fiberglass tubes is contained and insulated
on the backside and atr is blown through a thermo-
statically controlled fan. The Benedictine Monastery
water wall is very similar except that the distri-
bution is passive and the control {is provided by the

office occupants by opening or closing manual vents.18

The main motivation for isolated storage would seem
to be a desir2 to obtain a high degregyef thermal
control. Many possibilfties exist; for example, a
curtain or adjustable louver could be put between
a thermal storage wall and the adjacent space. In
the long run the simple, reliable, and passive
approaches will probably prevail over their mech-
anical, expensive, and active alternatives.

REFERENCES

1. B. T. Rogers, "Some Performance Estimates for the Wright House--Santa Fe,
New Mexico,” pp 189-199, Passive Solar Heating and Cooling, Conference
Proceedings, May 18-13, 1976, Albuquerque, NM.

2. Homeowner, Private Communicatifon.

3. J. D. Perry, Jr., "The Wallassey School," pp 223-237, Passive Solar Heating
and Cooling, Conference Proceedings, May 18-19, 1976, Albuquerque, KM,

A. M, G, Davis, "Heating Buildings by Daylight," Building Technology and Management,

8’ 2'5. (]970)

5. J. D. Balcomb, R. D. McFarland and S. W. Moore, "Simulation Analysis of Passive
Solar Heated Buildings-~Comparison with Test Rcom Results,” ISES Annual Meeting,

June 1977, Orlando, FL.

6. F. Trombe, J. F. Robert, M. Cabanet, and B. Sesolis, "Some Performance
Characteristics of the CNRS Solar House Collectors," pp 201-227, Passive Solar
Heating and Cooling, Conference Proceedings, May 18-19, 1976, Albuquerque, NM.

7. B. D. Hunn, "A Hybrid Passive/Active Solar House: First Year Performance of the
Hunn Residence," 2nd National Passive Solar Conference, Proceedings, March 16-18, 1978,

Philadelphia, PA.

8. W. Nichols, "Unit 1, First Village," Passive Solar Heating and Cooling, Conference
Proceedings, May 18-19, 1976, Albuquerque, NM.

9, R. D. Stromberg and S. 0. Woodall,

“passive Solar Buildings--A Compilation of Data
and Results," SAND-77-1204, August 1977,

5

10. J. D. Balcomb, R. D. McFarland, and S. W. Moore, "Passive Testing at Los Alamos,"
2nd National Passive Solar Conference.Proceedings, March 16-18, 1978, Philadelphia, PA.

11, J. D. Balcomb, "State of the Art in Passive Solar Heating and Cooling," 2nd National
Passive Solar Conference, Proceedings March 16-18, 1978, Philadelphia, PA,

12. T. Johnson, "Preliminary Performance of the M.I.T. Solar Structure," 2nd National
Passive Solar Conterence, Proceedings, March 16-18, 1978, Philadelphia, PA.

13. M. Jacnb, Heat Tnansfer, Vol.

1, pp 292-304, Wiley, (1949).

14, M. G, Davis,"The Thermal Admittance of Layered Walis) Building Science, Vol. 8,
pp 207-220, Permagon Press, 1973, Printed in Great Britain,

15. E. Mazria, M. S. Baker, F. C. Wessling, "Predicting the Performance of Passive Solar
Heated Buildings," pp 89-99, Solar Architecture, Ann Arbor Science (1977).

16. J. D, Balcomb, “"State of the Art...," pp 3 (see Ref. 11).

17. P. Davis, "To Air is Human," Passive Solar Heating and Cooling, Conference Proceedings
pp 40-45, May 18-19, 1976, Albuquerque, NM.



the alpha-particle thermalizatian consrraint

still requires substancial lznfignition)

valurs.

In generral, alpha-particle heating for LMF

devices is & crucial issue from both the view

point of heating and conlincment. Uniortunate-

ly, bucause of the theorntical difficuicy in

analyzing thermalization processes n finite

gueometrics, this aspect of reactor-related

pinina and energy balance modeiing, has received
only zursnry trestorat to date.

C. Stability and Equilibrium

Hot and dens: plasmas produced in straizht

solenoidal geometries have been shown both

(6 A1)

experimentally and theoreti-

y(]l,!Z) and

to «xhibit radini

The

call equilibrium

neutral  stability. m= 1 “gubble"

instability, vhich is belinved %o be induced by

partial short'ng of radial elerctrie [irlds in
(h2)

the plasma at the 2nd region, saturi tes  at

a lov amplitude, is not obscrved for large

rad;u= plasmas (radius approximately equal to

half of the wall radiur), and is completely
dampnd by the wuse ol a HEP.(27> Recent
theoretical wurk(ﬁj) indicates that o te=
Larmor-racius effeces are responsible for the

rotatinn ol in-
LMF devican

MHD

stabilization of higher mode
Although

stabla to

gtabilitics.
should be

generally

non-ideal rotational

instabilicics, the question of curvature-driven

instabilitiea (ballooning and interchange

mods), such as those expected at high beta in

mulriple mirror confipurations, is unc lear;

finite-Larmor-radius and wall-scacilization

effccts may play an important stabilizing role,

but some form of fexcdback or dynamic stabili-

zation may be required. Although the aimple

theta-pinch contiguration

the

permits operatiom
whe.e

aro

outside plasma parameter  range

resistive and collisionless tearing modes

active, LMF approaches that operate with trapped
or reversed [ield may have to deal with this

prublem.

10

the cnaractistic

LMF is

In  summary, although

a
neutral stabiliry for genrcaily wvalid,

thir claim rust be examined omre carefully in

the context of the specific heating arnd  axia)

confinement schenes heing For

which

propos=d.

instancr, beam~-driven instabilities
enhance radial field ar

WMF

particle transport may

become erucial for concepts that

Other

require

very small radii plasmas.

the

anomalous

phenomena  related  to particular heatirg

schome may also reduce the final plasma  hets,

therahy diminishing the oaverall efficiencies

proiected for specific IMF reacior emhediments.

TIT. SUMMARY DESCRIZTICN OF LMF FUSION REACICR
CORCEPTS
The essential elements of most LMF

approaches to f{usicn power are determined in

large part by th: benefits and limitse  of

confinemzat and heating rehrmesy

The

particular

invokera. intent here is Ao present oniv a

qualitative sumuary of vcacr design as  they

pre~ratly exist; the variability in stuasy level.

paysics assumptions, and projection of certaln

techinoiogies all combine to make a quintitat:we

comparison inaldvisable at this tome, An

cwpads: - s placed, however, on both the general

merits and  problems  anticipated for wach

approach. The results of an ongoing ccmparative

assvisment by Elactric Pover Resear:zh Institute

. (643
and Bechtel Corperation en the hasis o1

economic and technnlepy guidelires, however.

should be of uignificant value in maxirng a wore

AuAnt jtai.+2 assessment. Tt is also noted  that
of the scven LMF concepts reviewed heve . .1y
Laser fLHS)(S‘G'“l)

So'enoid

the

the
(4,523

and
(EBUS)

reactors have received indepth study, although a

Heated Solenoid
Electron-Beam Heatec

Refereace
(42 ,4R)

the toroidal

(RTIR)Y

aignificant
Theta -Pinch

part of
Reator

the

stuly
Theta-Pinch  Reactor

the

applicable to Linear

(LTPR)(B) conc~pt. Since few reactor

based on cither

should be

design parameters cited are

interim or older values, they viewed



oniv as ipdictative, and no  ZompITAIiVe  AsSeHa-

ment ig implied or 1ntended
(5.5 ,3€,41)

A. iaser-leated Soleroic (LKS)

Because o previousiy neted limitntions on

coupling 10.6=- m lasur light to the pla=ma and

the desire to minimize both total laser

(50-75 MJ) and reactor length (€500 m). the

eaergy
iHs
envisages at least four small Sare (.75-m radius
embeddad
e 2.0010)7 m
1.7 kevV by

into 2
-3

first walll plasma charbers

~1.%-r: radius blanket.

dense plasma is licated to laser

absorption that is erhanced over the predictions
factor

The

of inverse-bremsstrahiung absorption by ¢

of 10; multiple-pass hearing is pruposeld.

26-T compress:on tie.:d that brings the piasma to

a ~18-mm ignition radius it generated by

auiling an  i6-T superconducting fieid with a
nurmai, room-temperdature coll lacated imma-
diateays behind the tirst wali.  lhe liring
sequence for o nomina. 20-ms Surn pulee isg  shown

ir Fig. 6, and a 4-5 dwell tioe  betwsen  seue
tial burn puises in ecach of the four piasma
chamters, is envisaged. In crder to aclivve a

20-nms burn in a 500-m lony .deviece, an unspeci-

lied axial corlinement was assumad ts  an  exiuent

BURN SEQUENCE FCR STAGED LHS

,LASER HEATNG (O ms)
, .CCAPREESICNAL MELTIHG (1 ms)
o~ 1"'= 20 -mg BUPN -
-“m : "
— : 7 \
— e . Y
wd 5 | ! /
B & 'IALPHA' \‘
=g - / PERTICLE Nl T
£a z | .’ HEATING ~.0
‘gb'-x- = l < B, =10
x B=28T
FIRE NCF'2aL CGIL e
PRE.ONIZE . TIME i
FIRE LASER B8
B,-18T
B:C

FIGURE 6. Typical burn cycle for a staged Laser
Heatsd Sulenoid  (LIS) ussas Jx1al coniinement

that is IC times better than free streaming.

1

~ 8

therma!l

that alli=s tae Surn ty vcec:r for frre-

con-

Tha

stream.n2 ~ndioss times or ~ &

duction t.omes TiD a4 MRLP wad empicved],

1.3G) ot

]
<tnrago.( “)

pulse nermal nasnet  Trguirns s homo-

and

HH:nz

polar MOITifeReTatar

3.5

with a

770 Mauvfne?) of elestr:city at

tusion ncutror wail leading 15 producad
totral

The

recirculating pwer f-action of 0,25 and a

system pvwer densitv* of 0.315 MWt :1.
source

Yi=field

advantag:s ot a  decoupled pre-heating

(i_e. the laser., the prasibiiity of %I

IMF in the smaii-bore c~ils, and che relatively

high »lasma filling fractioen (roeduced magnetic

energy stursge and  transfer  Toqivireminis) cust

be weished azainst the problems un-

certainties associsted with fovere therrai

pulses and neutron Zoses at the I:rst wall

majzrels, the unrsaived clu=StoppUTing and

the LT e laser

r30-75 MJ,

lasar-absorptivity tac.oos,

energy and derns:tiva

10-%-;0""

poser

Wim ), anc the lower mar..n

allowea for the cifecis ot ancmaleus radial

transy ort.

’ -y
B. Elvctrun-Fean Heat~d Solencid (EBHS‘"A'S"

The EEHS concept proposes the inincticn of a
~ 350-MJ, i0-MV RE5 inte a plasma of 17-om radius

and 275-m l.ppth to rravide the cotzl heating

802 efiicient REB
iver a total current of G.25 MA

5.9-T guide field;

aguired for ignition. The
gource wouil e’
(500 Ma/m?)
15.3-T

surorconau.tirg coils,

aleng a the
woul! be

The 384 Mdeinat)

confir‘ng ficid procuced by
puower
is achicved with a recirculatingz fraction

of 0.5°

power

md a I83-ms pulse period to give a

first-wall fusion neutren wall lcading  of

"
4 Md/m~ {rem the single plosma chasher. The

total system power Jensity is 0.72 HHt::J

The burn crcle proposed for (he EBKS, ao
illystrated ir Fig. 7, would inject dleng a
guiage ficld coid plavna (few eV) frem annular

plasma puns located co-axially with cad in {rent

*Dotined  alwavs as the total thermal puower
divided by the volume vcnc'vged v the

coniinement systen.
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